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Summary	
  

The	
  available	
  epidemiological	
  and	
  molecular	
  clock	
  evidence	
  suggests	
  that	
  there	
  is	
  a	
  
considerable	
  chance	
  that	
  cholera	
  was	
  introduced	
  into	
  Haiti	
  prior	
  to	
  the	
  arrival	
  of	
  
Nepalese	
  troops	
  on	
  October	
  8th,	
  2010.	
  	
  Thus,	
  scientific	
  support	
  for	
  widely	
  expressed	
  
opinions	
  about	
  the	
  timing	
  of	
  the	
  outbreak	
  may	
  be	
  weaker	
  than	
  first	
  impressions	
  
might	
  suggest.	
  
	
  
	
  

Introduction	
  
When	
  did	
  the	
  Haiti	
  cholera	
  outbreak	
  of	
  2010	
  begin?	
  	
  The	
  widely	
  accepted	
  narrative	
  
is	
  that	
  cholera	
  was	
  brought	
  to	
  Haiti	
  by	
  a	
  contingent	
  of	
  Nepalese	
  soldiers	
  who	
  were	
  
part	
  of	
  the	
  United	
  Nations	
  peacekeeping	
  forces	
  [1,2].	
  	
  Cholera	
  was	
  first	
  confirmed	
  in	
  
cases	
  that	
  appeared	
  shortly	
  after	
  the	
  troops’	
  arrival	
  in	
  the	
  geographic	
  vicinity	
  of	
  the	
  	
  	
  
Nepalese	
  contingent’s	
  camp	
  near	
  Mirebalais	
  in	
  central	
  Haiti.	
  This	
  fact	
  is	
  often	
  cited	
  
as	
  one	
  of	
  the	
  critical	
  pieces	
  of	
  evidence	
  for	
  the	
  culpability	
  of	
  the	
  Nepalese	
  [3-­‐5].	
  	
  
	
  
However,	
  the	
  certainty	
  of	
  this	
  narrative	
  must	
  be	
  tempered	
  by	
  the	
  knowledge	
  that	
  a	
  
disease	
  can	
  be	
  present	
  in	
  a	
  region	
  long	
  before	
  physicians	
  recognize	
  it.	
  	
  	
  For	
  example	
  
sporadic	
  cases	
  of	
  HIV/AIDS	
  almost	
  certainly	
  occurred	
  in	
  the	
  United	
  States	
  years	
  
before	
  the	
  outbreak	
  was	
  recognized	
  in	
  1981[6].	
  	
  In	
  the	
  case	
  of	
  cholera,	
  the	
  
predominance	
  of	
  mild	
  or	
  asymptomatic	
  cases	
  [7],	
  and	
  the	
  high	
  incidence	
  of	
  other	
  
diarrheal	
  diseases	
  in	
  Haiti	
  [8]	
  provide	
  plausible	
  conditions	
  for	
  belated	
  recognition.	
  	
  
To	
  be	
  precise,	
  it	
  seems	
  possible	
  that	
  cholera	
  introduction	
  and	
  limited	
  spreading	
  
could	
  occur	
  for	
  many	
  days	
  before	
  a	
  case	
  with	
  easily	
  recognized	
  “classical”	
  cholera	
  
symptoms	
  appears.	
  	
  
	
  
From	
  a	
  forensic	
  perspective,	
  the	
  critical	
  question	
  is	
  how	
  likely	
  could	
  it	
  be	
  that	
  
cholera	
  was	
  introduced	
  into	
  Haiti	
  before	
  the	
  arrival	
  of	
  the	
  Nepalese	
  contingent?	
  To	
  
answer	
  this	
  question,	
  there	
  are	
  two	
  main	
  areas	
  of	
  scientific	
  evidence	
  to	
  consider.	
  	
  
First,	
  findings	
  regarding	
  the	
  incubation	
  time	
  and	
  case	
  severity	
  distribution	
  of	
  
cholera	
  can	
  be	
  used	
  to	
  deduce	
  the	
  probability	
  that	
  a	
  victim	
  with	
  a	
  known	
  date	
  of	
  
onset	
  was	
  infected	
  a	
  certain	
  number	
  of	
  days	
  prior.	
  	
  Second,	
  “molecular	
  clock”	
  
analysis	
  can	
  estimate	
  dates	
  for	
  the	
  initiation	
  of	
  clonal	
  expansion	
  of	
  the	
  outbreak	
  
strain.	
  	
  	
  This	
  document	
  summarizes	
  what	
  published	
  information	
  in	
  these	
  two	
  areas	
  
allows	
  us	
  to	
  infer	
  about	
  when	
  the	
  Haiti	
  outbreak	
  began.	
  	
  
	
  

Background	
  information	
  
One	
  of	
  the	
  potential	
  pitfalls	
  in	
  any	
  forensic	
  investigation	
  is	
  to	
  consider	
  only	
  what	
  the	
  
available	
  evidence	
  says	
  about	
  the	
  “favored	
  hypothesis”	
  and	
  not	
  what	
  it	
  says	
  about	
  
alternative	
  hypotheses.	
  	
  The	
  analysis	
  in	
  this	
  report	
  implicitly	
  considers	
  the	
  



alternative	
  hypothesis	
  that	
  someone	
  other	
  than	
  the	
  Nepalese	
  peacekeeping	
  
contingent	
  introduced	
  cholera	
  into	
  Haiti.	
  	
  The	
  case	
  against	
  the	
  Nepalese	
  contingent	
  
is	
  notable	
  for	
  the	
  absence	
  of	
  direct	
  evidence	
  of	
  cholera	
  in	
  the	
  Nepalese	
  camp.	
  	
  No	
  
evidence	
  has	
  been	
  offered	
  that	
  any	
  Nepalese	
  soldiers	
  were	
  ill	
  with	
  cholera,	
  and	
  no	
  
molecular	
  evidence	
  of	
  Vibrio	
  cholerae	
  in	
  the	
  camp	
  sanitary	
  system	
  or	
  in	
  the	
  
discharges	
  that	
  evidently	
  contaminated	
  the	
  nearby	
  Artibonite	
  river	
  system	
  has	
  been	
  
forthcoming.	
  	
  Alternative	
  routes	
  for	
  cholera	
  introduction	
  are	
  other	
  travelers	
  visiting	
  
the	
  Mirebalais	
  area	
  prior	
  to	
  the	
  outbreak.	
  	
  	
  Possible	
  examples	
  include:	
  
	
  

• Nepalese	
  government	
  officials	
  visiting	
  in	
  preparation	
  for	
  the	
  troop	
  transfer	
  
	
  	
  

• United	
  Nations	
  officials	
  who	
  visited	
  Nepal	
  then	
  Haiti	
  in	
  preparation	
  for	
  the	
  
troop	
  transfer.	
  	
  

	
  
• Nepalese	
  citizens	
  with	
  family	
  connections	
  to	
  troops	
  at	
  the	
  camp	
  	
  

	
  
In	
  the	
  analysis	
  that	
  follows	
  we	
  will	
  show	
  that	
  the	
  epidemiological	
  evidence	
  provides	
  
only	
  mild	
  support	
  for	
  the	
  infection	
  of	
  a	
  widely	
  cited	
  “index	
  case”	
  just	
  after	
  the	
  arrival	
  
of	
  the	
  Nepalese	
  contingent,	
  while	
  the	
  molecular	
  clock	
  analysis	
  could	
  be	
  argued	
  to	
  
support	
  an	
  infection	
  date	
  prior	
  to	
  arrival.	
  
	
  
We	
  will	
  take	
  the	
  following	
  as	
  facts	
  pertaining	
  to	
  the	
  epidemiological	
  investigations	
  
carried	
  out	
  in	
  Haiti	
  after	
  the	
  outbreak:	
  
	
  
(1)	
  The	
  Nepalese	
  contingent	
  began	
  arriving	
  at	
  the	
  Mirebalais	
  camp	
  on	
  October	
  8th,	
  
and	
  troop	
  transfer	
  was	
  evidently	
  complete	
  by	
  the	
  10th	
  [9].	
  
	
  
(2)	
  The	
  first	
  suspected	
  case	
  of	
  cholera	
  was	
  reported	
  to	
  the	
  Haitian	
  Public	
  Health	
  
organization	
  (MSPP)	
  on	
  October	
  18th	
  [10],	
  and	
  the	
  first	
  positive	
  test	
  for	
  cholera	
  was	
  
obtained	
  on	
  October	
  19th	
  [11].	
  	
  
	
  
(3)	
  At	
  least	
  one	
  presumed	
  victim,	
  cited	
  in	
  several	
  places	
  as	
  the	
  “index	
  case”	
  showed	
  
initial	
  symptoms	
  of	
  cholera	
  on	
  October	
  12th	
  [12].	
  	
  However	
  this	
  patient	
  did	
  not	
  go	
  to	
  
a	
  hospital,	
  and	
  the	
  diagnosis	
  was	
  never	
  laboratory-­‐confirmed.	
  	
  A	
  more	
  recent	
  review	
  
article	
  [13]	
  seems	
  to	
  imply	
  that	
  this	
  was	
  a	
  confirmed	
  cholera	
  case,	
  but	
  no	
  authority	
  
is	
  cited.	
  	
  
	
  
(4)	
  There	
  was	
  a	
  steady	
  “background”	
  stream	
  of	
  between	
  5	
  and	
  10	
  cases	
  per	
  day	
  of	
  
severe	
  diarrhea	
  into	
  the	
  Mirebalais	
  Government	
  Hospital	
  from	
  the	
  8th	
  to	
  the	
  18th	
  of	
  
October[9].	
  Published	
  data	
  does	
  not	
  cover	
  dates	
  prior	
  to	
  that,	
  but	
  presumably	
  any	
  
testing	
  that	
  occurred	
  was	
  negative	
  for	
  cholera	
  [14].	
  	
  (It	
  would	
  be	
  informative	
  to	
  
know	
  if	
  any	
  regular	
  testing	
  for	
  cholera	
  was	
  done	
  for	
  diarrhea	
  cases	
  presenting	
  at	
  
Mirebalais	
  hospital,	
  and	
  whether	
  negative	
  testing	
  results	
  are	
  on	
  record	
  for	
  the	
  
period	
  prior	
  to	
  the	
  first	
  positive	
  test	
  result.)	
  	
  Public	
  health	
  surveillance	
  for	
  cholera	
  



may	
  have	
  been	
  influenced	
  by	
  the	
  CDC	
  assessment	
  published	
  in	
  February,	
  2010	
  that	
  
while	
  diarrheal	
  disease	
  outbreaks	
  were	
  expected,	
  cholera	
  was	
  not	
  likely	
  [15].	
  
	
  

Epidemiological	
  Analysis	
  
The	
  general	
  question	
  to	
  be	
  addressed	
  is:	
  what	
  is	
  the	
  probability	
  that	
  cholera	
  was	
  
actually	
  present	
  prior	
  to	
  the	
  arrival	
  of	
  the	
  Nepalese	
  contingent?	
  	
  From	
  an	
  
epidemiological	
  perspective,	
  we	
  can	
  ask	
  the	
  more	
  specific	
  question:	
  if	
  the	
  earliest	
  
onset	
  of	
  cholera	
  symptoms	
  was	
  observed	
  in	
  the	
  “index	
  case”	
  on	
  the	
  12th,	
  what	
  is	
  the	
  
probability	
  that	
  the	
  victim	
  was	
  infected	
  on	
  the	
  11th,	
  10th,	
  9th,	
  8th,	
  etc.?	
  	
  We	
  have	
  
developed	
  a	
  simple	
  stochastic	
  modeling	
  approach	
  to	
  answering	
  this	
  question.	
  	
  	
  
	
  
First,	
  from	
  epidemiological	
  data	
  on	
  the	
  delay	
  between	
  infection	
  with	
  cholera	
  and	
  the	
  
appearance	
  of	
  symptoms	
  (called	
  the	
  incubation	
  time	
  distribution)	
  we	
  can	
  construct	
  
the	
  probability	
  that,	
  if	
  N	
  patients	
  were	
  infected	
  on	
  day	
  0,	
  then	
  the	
  first	
  patient	
  would	
  
seek	
  medical	
  attention	
  on	
  day	
  0+K	
  (thereby	
  allowing	
  physicians	
  to	
  detect	
  the	
  
presence	
  of	
  cholera).	
  The	
  details	
  of	
  the	
  model	
  are	
  contained	
  in	
  appendix	
  A.	
  	
  	
  Next,	
  
we	
  consider	
  the	
  probability	
  that,	
  if	
  a	
  person	
  appears	
  at	
  a	
  hospital	
  with	
  severe	
  
cholera	
  symptoms	
  on	
  day	
  0,	
  he	
  was	
  one	
  of	
  N	
  persons	
  infected	
  on	
  day	
  –K.	
  	
  In	
  
appendix	
  B	
  we	
  show	
  that	
  this	
  posterior	
  probability	
  is	
  simply	
  the	
  “mirror”	
  of	
  the	
  
distribution	
  derived	
  in	
  Appendix	
  A.	
  	
  
	
  
Calculations	
  of	
  these	
  probabilities	
  depend	
  on	
  the	
  fraction	
  of	
  cholera	
  cases	
  that	
  are	
  
mild	
  or	
  asymptomatic.	
  	
  A	
  variety	
  of	
  estimates	
  have	
  been	
  provided	
  for	
  this	
  fraction,	
  
which	
  is	
  often	
  taken	
  to	
  be	
  around	
  75%	
  [16-­‐18].	
  	
  However,	
  a	
  25%	
  probability	
  of	
  
hospital-­‐seeking	
  (PS)	
  may	
  be	
  an	
  overestimate	
  for	
  Haiti,	
  as	
  suggested	
  by	
  the	
  “index	
  
case”	
  himself.	
  	
  	
  
	
  
A	
  recent	
  review	
  by	
  Azman	
  et.	
  al.	
  provides	
  up-­‐to-­‐date	
  data	
  on	
  the	
  incubation	
  time	
  
distribution	
  [19].	
  	
  This	
  review	
  makes	
  a	
  highly	
  relevant	
  observation	
  that	
  the	
  
incubation	
  time	
  distribution	
  for	
  the	
  O1	
  El	
  Tor	
  strain	
  that	
  affected	
  Haiti	
  has	
  a	
  very	
  
long	
  right-­‐hand	
  tail.	
  	
  Thus,	
  a	
  long	
  delay	
  between	
  infection	
  and	
  the	
  development	
  of	
  
symptoms	
  is	
  experienced	
  by	
  a	
  relatively	
  large	
  fraction	
  of	
  patients.	
  	
  	
  
	
  
Table	
  1.	
  Estimated	
  posterior	
  probability	
  of	
  infection	
  date,	
  assuming	
  the	
  likelihood	
  of	
  
hospital-­‐seeking	
  PS	
  =	
  25%	
  and	
  various	
  initial	
  infection	
  numbers.	
  

N	
   P(≥	
  Oct.	
  8th)	
   P(<	
  Oct.	
  8th)	
   Likelihood	
  Ratio	
  
1	
   0.78	
   0.22	
   3.5	
  
3	
   0.83	
   0.17	
   4.9	
  
10	
   0.94	
   0.06	
   16	
  
30	
   1.00	
   0.00	
   ∞	
  

	
  
The	
  results	
  in	
  Table	
  1	
  indicate	
  that,	
  if	
  there	
  were	
  only	
  a	
  few	
  initial	
  infections,	
  the	
  
probability	
  that	
  infection	
  of	
  the	
  “index	
  case”	
  could	
  have	
  occurred	
  prior	
  to	
  October	
  
8th	
  is	
  around	
  20%.	
  	
  Concomitantly,	
  likelihood	
  ratios	
  supporting	
  the	
  hypothesis	
  of	
  
infection	
  ≥	
  Oct.	
  8th	
  are	
  less	
  than	
  10,	
  generally	
  considered	
  a	
  weak	
  level	
  of	
  support	
  



[20].	
  	
  If	
  the	
  likelihood	
  of	
  hospital-­‐seeking	
  is	
  lower	
  than	
  25%,	
  then	
  P(<	
  Oct.	
  8th)	
  
increases.	
  For	
  example,	
  if	
  PS	
  =	
  10%,	
  then	
  P(<	
  Oct.	
  8th)	
  ≈	
  0.14	
  for	
  N	
  =	
  10.	
  	
  Thus,	
  
published	
  epidemiological	
  information	
  on	
  the	
  Haiti	
  outbreak	
  leaves	
  considerable	
  
room	
  for	
  an	
  earlier	
  start	
  date.	
  	
  	
  
	
  

Molecular	
  Clock	
  Analysis	
  
Katz	
  et.	
  al.	
  have	
  published	
  a	
  molecular	
  clock	
  analysis	
  of	
  the	
  start	
  of	
  the	
  Haiti	
  
outbreak	
  [21].	
  	
  This	
  analysis	
  relies	
  on	
  finding	
  the	
  common	
  ancestor	
  of	
  a	
  large	
  
number	
  of	
  sequences	
  of	
  Vibrio	
  cholera	
  isolated	
  from	
  victims	
  of	
  the	
  Haiti	
  outbreak,	
  
and	
  assuming	
  that	
  the	
  accumulation	
  of	
  mutations	
  in	
  a	
  sequence	
  depends	
  linearly	
  on	
  
the	
  rate	
  of	
  expansion	
  of	
  the	
  clonal	
  population	
  of	
  sequences.	
  	
  Given	
  the	
  known	
  dates	
  
at	
  which	
  the	
  isolates	
  were	
  obtained,	
  and	
  the	
  overall	
  mutation	
  rate	
  of	
  the	
  strain,	
  one	
  
can	
  extrapolate	
  back	
  to	
  the	
  initial	
  date	
  of	
  infection,	
  assumed	
  to	
  coincide	
  with	
  the	
  age	
  
of	
  the	
  common	
  ancestor	
  sequence.	
  	
  
	
  
The molecular clock analysis estimated a most recent common ancestor date of 
September 28, 2010.  The “95% credibility interval” for the estimate was July 23rd to 
October 17th. The authors note: 
 

“The credibility interval encompasses the date that the Nepalese soldiers 
arrived in Haiti …, as well as the first reported hospitalization of a cholera 
case … (although an earlier fatal case with an onset date of 12 October 
may have been the index case).”  … “Our results suggest that a population 
genomic approach can be very powerful in delimiting the time frame of an 
outbreak” ([21], page 6) [Emphasis added] 

 
The	
  terminology	
  “very	
  powerful”	
  suggests	
  that	
  the	
  authors	
  place	
  high	
  value	
  on	
  the	
  
inferential	
  power	
  of	
  the	
  molecular	
  clock	
  analysis,	
  perhaps	
  because	
  it	
  is	
  consistent	
  
with	
  the	
  accepted	
  narrative	
  of	
  the	
  outbreak.	
  	
  However,	
  it	
  is	
  interesting	
  that	
  the	
  most	
  
likely	
  date	
  precedes	
  the	
  arrival	
  of	
  the	
  peacekeepers	
  by	
  more	
  than	
  a	
  week,	
  and	
  the	
  
credibility	
  interval	
  extends	
  much	
  deeper	
  into	
  the	
  calendar	
  before	
  to	
  the	
  arrival	
  date	
  
than	
  it	
  does	
  into	
  the	
  period	
  after	
  arrival.	
  	
  	
  If	
  they	
  had	
  no	
  prior	
  notion	
  of	
  who	
  the	
  
guilty	
  party	
  was,	
  the	
  result	
  of	
  this	
  “powerful”	
  technique	
  might	
  direct	
  
epidemiological	
  investigators	
  to	
  scrutinize	
  travellers	
  arriving	
  in	
  Haiti	
  during	
  the	
  
summer	
  of	
  2010	
  to	
  find	
  potential	
  sources	
  of	
  the	
  outbreak!	
  	
  
	
  
	
  

Conclusions	
  
Both	
  the	
  epidemiological	
  data	
  and	
  molecular	
  clock	
  calculations	
  leave	
  open	
  the	
  
possibility	
  that	
  cholera	
  was	
  introduced	
  into	
  Haiti	
  prior	
  to	
  the	
  arrival	
  of	
  the	
  Nepalese	
  
contingent,	
  thus	
  weakening	
  the	
  support	
  they	
  provide	
  for	
  the	
  accepted	
  narrative.	
  	
  	
  
Clearly	
  the	
  incubation	
  time	
  distribution	
  analysis	
  depends	
  critically	
  on	
  the	
  accuracy	
  
of	
  the	
  assertion	
  that	
  the	
  “index	
  patient”	
  experienced	
  onset	
  of	
  the	
  symptoms	
  of	
  
cholera	
  on	
  October	
  12th.	
  	
  A	
  later	
  date	
  for	
  the	
  initial	
  infection	
  event	
  might	
  also	
  be	
  
more	
  consistent	
  with	
  the	
  overall	
  narrative	
  regarding	
  the	
  contamination	
  of	
  the	
  
Artibonite	
  river	
  by	
  latrine	
  waste	
  because	
  even	
  infection	
  dates	
  as	
  late	
  as	
  October	
  11th	
  



leave	
  only	
  a	
  few	
  days	
  for	
  the	
  latrines	
  to	
  overflow	
  and	
  for	
  waste	
  to	
  be	
  transported	
  to	
  
the	
  alleged	
  dump	
  sites.	
  	
  Nonetheless,	
  the	
  October	
  12th	
  date	
  is	
  a	
  “discoverable”	
  piece	
  
of	
  evidence	
  that	
  appears	
  to	
  have	
  been	
  endorsed	
  by	
  the	
  scientific	
  community.	
  	
  
	
  
Similarly,	
  molecular	
  clock	
  estimates	
  depend	
  critically	
  on	
  the	
  assumed	
  rate	
  of	
  
mutation.	
  	
  It	
  is	
  quite	
  possible	
  that	
  additional	
  experiments	
  and	
  data	
  refinement	
  could	
  
shift	
  the	
  confidence	
  interval	
  to	
  exclude	
  dates	
  earlier	
  than	
  October	
  8th.	
  	
  But	
  again,	
  in	
  
the	
  absence	
  of	
  such	
  refinement	
  the	
  published	
  result	
  becomes	
  potential	
  evidence	
  to	
  
throw	
  doubt	
  on	
  the	
  accepted	
  narrative.	
  	
  
	
  
Both	
  of	
  these	
  examples	
  point	
  out	
  a	
  more	
  fundamental	
  issue	
  with	
  the	
  current	
  state	
  of	
  
microbial	
  forensics	
  as	
  a	
  tool	
  for	
  “resolving	
  controversies”	
  [14].	
  	
  Many	
  of	
  the	
  
scientific	
  studies	
  of	
  the	
  Haiti	
  outbreak	
  play	
  a	
  dual	
  role,	
  satisfying	
  purely	
  academic	
  
interests	
  on	
  the	
  one	
  hand,	
  but	
  also	
  published	
  with	
  their	
  forensic	
  case	
  significance	
  in	
  
mind.	
  	
  While	
  the	
  degree	
  of	
  explicit	
  advocacy	
  varies	
  from	
  paper	
  to	
  paper,	
  the	
  
difference	
  in	
  standards	
  of	
  proof	
  in	
  the	
  two	
  arenas	
  is	
  seldom	
  acknowledged,	
  and	
  
perhaps	
  not	
  even	
  understood	
  clearly	
  by	
  the	
  scientists	
  involved.	
  Often	
  ambiguous	
  
statements	
  are	
  used	
  to	
  express	
  the	
  significance	
  of	
  findings,	
  their	
  evidential	
  strength,	
  
or	
  their	
  degree	
  of	
  certainty,	
  and	
  interpretation	
  is	
  too	
  easily	
  influenced	
  by	
  the	
  
prevailing	
  hypothesis	
  and	
  the	
  absence	
  of	
  clearly	
  articulated	
  alternatives.	
  	
  Any	
  
findings	
  that	
  do	
  not	
  contradict	
  the	
  favored	
  narrative	
  are	
  taken	
  as	
  support	
  for	
  it.	
  	
  In	
  
this	
  situation	
  there	
  is	
  a	
  distinct	
  danger	
  that,	
  under	
  more	
  intense	
  scrutiny	
  such	
  
microbial	
  forensic	
  evidence	
  will	
  prove	
  less	
  reliable	
  than	
  some	
  experts	
  anticipate.	
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Appendix	
  A	
  –	
  A	
  simple	
  stochastic	
  model	
  for	
  cholera	
  patient	
  hospital	
  arrivals	
  
	
  
Consider	
  a	
  simple	
  stochastic	
  model	
  to	
  describe	
  the	
  arrival	
  of	
  sick	
  people	
  at	
  a	
  
hospital,	
  given	
  that	
  they	
  were	
  infected	
  at	
  a	
  certain	
  time.	
  	
  Assume	
  we	
  infect	
  N	
  people	
  
on	
  day	
  0	
  (this	
  assumes	
  that	
  there	
  is	
  an	
  person	
  who	
  comes	
  in	
  contact	
  with	
  the	
  local	
  
population	
  on	
  or	
  prior	
  to	
  day	
  0).	
  	
  Of	
  those	
  N	
  people,	
  M	
  will	
  become	
  ill	
  enough	
  to	
  visit	
  
the	
  local	
  hospital.	
  	
  Let	
  Ps	
  =	
  probability	
  of	
  severe	
  symptoms.	
  	
  Then	
  M	
  of	
  the	
  N	
  people	
  
will	
  be	
  randomly	
  assigned	
  to	
  the	
  set	
  of	
  severe	
  cases	
  with	
  a	
  probability	
  given	
  by	
  the	
  
binomial	
  distribution,	
  	
  
	
  

𝑃 𝑀 =    𝑁𝑀 𝑃!!(1−   𝑃!)!!! 	
  	
  	
   	
   	
   	
   (A1)	
  
	
  
When	
  will	
  each	
  person	
  visit	
  the	
  hospital?	
  	
  This	
  is	
  determined	
  by	
  the	
  incubation	
  time	
  
distribution	
  Pj	
  =	
  P(j|0)	
  where	
  j	
  =	
  jth	
  day	
  after	
  infection	
  on	
  day	
  0.	
  	
  If	
  we	
  represent	
  the	
  
number	
  of	
  people	
  arriving	
  at	
  the	
  hospital	
  on	
  day	
  j	
  by	
  nj,	
  then	
  the	
  distribution	
  of	
  
arrival	
  numbers	
  is	
  given	
  by	
  the	
  multinomial	
  distribution:	
  
	
  

𝑃 𝑛!,𝑛!,… ,𝑛! =      !!
!!!!!!  ⋯!!!

𝑃!!!𝑃!!!⋯𝑃!!! 	
  	
  	
   	
   	
   (A2)	
  
	
  
Note	
  that	
   𝑃!!

!!! = 1	
  and	
   𝑛!!
!!! = 𝑀.	
  

	
  
The	
  incubation	
  time	
  distribution	
  for	
  cholera	
  has	
  been	
  reviewed	
  in	
  Andrew	
  S.	
  Azman,	
  
Kara	
  E.	
  Rudolph,	
  Derek	
  A.T.	
  Cummings,	
  Justin	
  Lessler;	
  “The	
  incubation	
  period	
  of	
  
cholera:	
  A	
  systematic	
  review”,	
  Journal	
  of	
  Infection	
  2013;	
  66:	
  432	
  -­‐	
  438.	
  
	
  
Using	
  their	
  data	
  for	
  O1	
  El	
  Tor	
  Ogawa,	
  we	
  constructed	
  the	
  discrete	
  representation	
  of	
  
the	
  incubation	
  time	
  distribution	
  displayed	
  in	
  Fig.	
  A1.	
  	
  The	
  empirical	
  distribution	
  that	
  
Azman,	
  et.	
  al.	
  derived	
  has	
  a	
  long	
  tail,	
  so	
  we	
  have	
  taken	
  the	
  discrete	
  distribution	
  out	
  
to	
  21	
  days	
  and	
  assumed	
  that	
  Pj	
  =	
  0	
  for	
  j	
  >	
  21;	
  the	
  residual	
  probability	
  for	
  j	
  >21	
  has	
  
been	
  added	
  to	
  Pj	
  =	
  21.	
  	
  This	
  distribution	
  is	
  shown	
  in	
  Fig.	
  A1.	
  	
  Fig.	
  A2	
  is	
  a	
  schematic	
  
representation	
  of	
  the	
  procedure	
  represented	
  by	
  equations	
  (A1)	
  and	
  (A2).	
  	
  	
  	
  
	
  
In	
  a	
  simulation,	
  we	
  generate	
  realizations	
  of	
  the	
  distribution	
  (A2)	
  and	
  count	
  the	
  
number	
  of	
  realizations	
  where:	
  	
  
	
  
n1	
  ≠	
  0,	
  
n1	
  =	
  0,	
  and	
  n2	
  ≠	
  0,	
  
n1	
  =	
  n2	
  =	
  0,	
  and	
  n3	
  ≠	
  0,	
  
n1	
  =	
  n2	
  =	
  n3	
  =	
  0,	
  and	
  n4	
  ≠	
  0,	
  etc.	
  
	
  
and	
  make	
  a	
  histogram	
  representing	
  the	
  probability	
  that	
  no	
  patient	
  shows	
  up	
  until	
  
the	
  jth	
  day	
  after	
  infection.	
  	
  In	
  practice	
  we	
  run	
  this	
  simulation	
  10,000	
  times	
  to	
  obtain	
  
a	
  sample	
  of	
  the	
  distribution	
  for	
  a	
  chosen	
  N	
  and	
  Ps.	
  	
  We	
  then	
  average	
  10	
  simulations	
  
with	
  independent	
  random	
  seeds	
  to	
  obtain	
  the	
  final	
  distribution	
  P(K|0,N)	
  



representing	
  the	
  probability	
  that	
  at	
  least	
  one	
  patient	
  shows	
  up	
  at	
  a	
  hospital	
  on	
  day	
  K	
  
if	
  he	
  is	
  one	
  of	
  N	
  victims	
  that	
  are	
  infected	
  on	
  day	
  0.	
  	
  
	
  
	
  

	
  
Figure	
  A1.	
  	
  Discretized	
  representation	
  of	
  the	
  incubation	
  time	
  distribution	
  for	
  cholera;	
  derived	
  from	
  
Azman,	
  et.	
  al.	
  	
  It	
  is	
  assumed	
  that	
  Pj	
  =	
  0	
  for	
  j	
  >	
  21	
  days,	
  and	
  day	
  21	
  contains	
  the	
  residual	
  probability	
  
associated	
  with	
  j	
  >	
  21.	
  	
  	
  
	
  
	
  

	
  
Figure	
  A2.	
  	
  Stochastic	
  model	
  for	
  determining	
  probability	
  of	
  …	
  	
  Each	
  arrow	
  represents	
  a	
  random	
  
assignment	
  according	
  to	
  equations	
  (A1)	
  and	
  (A2)	
  .	
  
	
   	
  



	
  
Appendix	
  B.	
  	
  Calculating	
  the	
  posterior	
  probability	
  	
  	
  
	
  
Consider	
  the	
  joint	
  probability	
  distribution	
  for	
  infection	
  of	
  N	
  persons	
  on	
  day	
  J,	
  and	
  
first	
  patients	
  showing	
  up	
  on	
  day	
  J+K:	
  
	
  

𝑃 𝐽, 𝐽 + 𝐾,𝑁 =   𝑃 𝐽,𝑁 𝐽 + 𝐾 𝑃 𝐽 + 𝐾 =   𝑃(𝐽 + 𝐾|𝐽,𝑁)𝑃(𝐽,𝑁)	
  	
  	
   (B1)	
  
	
  
In	
  our	
  discrete	
  event	
  model	
  we	
  imagine	
  this	
  process	
  to	
  take	
  place	
  on	
  a	
  very	
  long	
  
chain	
  of	
  bins,	
  each	
  bin	
  corresponding	
  to	
  one	
  day.	
  	
  	
  We	
  pick	
  a	
  bin	
  (day)	
  at	
  random,	
  
and	
  place	
  N	
  infected	
  persons	
  in	
  it.	
  	
  	
  We	
  then	
  partition	
  the	
  N	
  persons	
  according	
  to	
  
equation	
  (A1)	
  to	
  produce	
  M	
  “critical”	
  patients	
  who	
  are	
  ill	
  enough	
  to	
  seek	
  medical	
  
care.	
  	
  These	
  are	
  then	
  partitioned	
  among	
  the	
  bins	
  to	
  the	
  right	
  of	
  bin	
  J	
  according	
  to	
  
equation	
  (A2).	
  	
  The	
  first	
  bin	
  that	
  contains	
  at	
  least	
  one	
  patient	
  is	
  the	
  bin	
  labeled	
  J+K,	
  
K	
  =	
  1,	
  2,	
  3,	
  …	
  .	
  	
  Note	
  that	
  we	
  treat	
  all	
  bins	
  as	
  equivalent	
  with	
  equal	
  probability	
  of	
  
placing	
  the	
  original	
  N	
  infected	
  persons	
  in	
  any	
  bin	
  J.	
  	
  	
  
	
  

	
  
Figure	
  B1.	
  	
  	
  Representation	
  of	
  the	
  stochastic	
  model	
  for	
  cholera.	
  	
  Eleven	
  infected	
  persons	
  are	
  created	
  
in	
  bin	
  (day)	
  J,	
  and	
  four	
  (red)	
  become	
  sufficiently	
  ill	
  to	
  require	
  medical	
  attention.	
  	
  The	
  first	
  patient	
  
shows	
  up	
  at	
  a	
  hospital	
  on	
  day	
  J	
  +	
  3.	
  	
  	
  	
  
	
  
Let	
  𝐽 + 𝐾 = 𝑄.	
  We	
  can	
  then	
  write	
  the	
  joint	
  probability	
  as:	
  𝑃 𝑄 − 𝐾,𝑄,𝑁 .  	
  Note	
  that	
  
in	
  this	
  expression	
  we	
  should	
  obtain	
  the	
  same	
  quantity	
  whether	
  we	
  arbitrarily	
  call	
  
the	
  first	
  bin	
  to	
  contain	
  sick	
  patients	
  Q	
  =	
  0	
  or	
  call	
  the	
  bin	
  containing	
  the	
  set	
  of	
  N	
  
infectees	
  J	
  =	
  0.	
  	
  Thus:	
  
	
  

𝑃 𝟎,𝑲,𝑁 =   𝑃(−𝑲,𝟎,𝑁)	
  	
  	
   	
   	
   	
   	
   (B2)	
  
	
  
where	
  it	
  is	
  understood	
  that	
  the	
  ordering	
  of	
  the	
  variables	
  always	
  follows	
  the	
  
convention	
  that	
  the	
  first	
  variable	
  (red)	
  refers	
  to	
  the	
  bin	
  of	
  N	
  infectees	
  and	
  the	
  
second	
  (blue)	
  to	
  the	
  bin	
  containing	
  the	
  first	
  patient(s).	
  	
  We	
  can	
  then	
  write	
  each	
  joint	
  
probability	
  in	
  terms	
  of	
  conditional	
  and	
  prior	
  probabilities:	
  
	
  

𝑃 𝑲 𝟎,𝑁 𝑃 𝟎,𝑁 = 𝑃 −𝑲,𝑁 𝟎 𝑃 𝟎   	
  	
   	
   	
   	
  	
  	
  	
  	
  	
  (B3)	
  
	
  
The	
  variable	
  N	
  is	
  conditionally	
  independent	
  of	
  the	
  particular	
  bin	
  in	
  which	
  the	
  
victims	
  are	
  placed,	
  so	
  P(0,N)	
  =	
  P(0)P(N).	
  	
  Because	
  all	
  bins	
  are	
  equivalent,	
  and	
  the	
  
convention	
  chosen	
  for	
  assigning	
  a	
  bin	
  the	
  index	
  0	
  should	
  not	
  affect	
  probability	
  
assignments,	
  the	
  prior	
  probabilities	
  on	
  both	
  sides	
  of	
  the	
  equation	
  are	
  equal:	
  	
  
𝑃 𝟎 =   𝑃(𝟎).	
  	
  Thus,	
  we	
  can	
  write:	
  
	
  

𝑃 𝑲 𝟎,𝑁 𝑃(𝑁) = 𝑃 −𝑲,𝑁 𝟎 	
  	
  	
  	
   	
   	
   	
   (B4)	
  



	
  
The	
  probability	
  on	
  the	
  left-­‐hand	
  side	
  is	
  the	
  probability	
  of	
  observing	
  our	
  first	
  
patient(s)	
  in	
  bin	
  K,	
  given	
  that	
  N	
  infected	
  persons	
  were	
  created	
  in	
  bin	
  0.	
  	
  The	
  right-­‐
hand	
  side	
  is	
  the	
  probability	
  that	
  our	
  original	
  batch	
  of	
  N	
  patients	
  was	
  created	
  in	
  bin	
  
−𝐾,	
  given	
  that	
  our	
  first	
  patient(s)	
  was/were	
  observed	
  in	
  bin	
  0.	
  	
  We	
  can	
  use	
  this	
  
equation	
  in	
  two	
  ways.	
  First,	
  we	
  can	
  regard	
  N	
  as	
  given,	
  so	
  that	
  P(N)	
  =	
  1	
  for	
  that	
  value	
  
and	
  zero	
  for	
  all	
  other	
  values.	
  	
  In	
  this	
  “fixed	
  N	
  frame”	
  P(-­‐K,N|0)	
  depends	
  para-­‐
metrically	
  on	
  N.	
  	
  We	
  can	
  also	
  regard	
  N	
  as	
  a	
  random	
  variable	
  and	
  average	
  P(-­‐K,N|0)	
  
over	
  N:	
  
	
  

	
  𝑃 −𝑲,𝟎 =    𝑃 𝑲 𝟎,𝑁 𝑃(𝑁)!
!!! 	
  	
  	
   	
   	
   (B5)	
  

	
  
A	
  simple	
  model	
  might	
  posit	
  an	
  average	
  rate	
  of	
  infection	
  µ	
  (per	
  bin)	
  with	
  a	
  Poisson	
  
distribution	
  of	
  possible	
  infection	
  events:	
  
	
  

𝑃 𝑁 =    !
!!!!

!!
	
  	
  	
   	
   	
   	
   	
   (B6)	
  

	
  
Equations	
  (B4)	
  or	
  (B5)	
  give	
  the	
  probability	
  that	
  N	
  persons	
  were	
  infected	
  on	
  day	
  –K	
  
given	
  that	
  we	
  observe	
  the	
  first	
  patient(s)	
  on	
  day	
  0	
  in	
  terms	
  of	
  the	
  probability	
  of	
  
observing	
  our	
  first	
  patient(s)	
  on	
  day	
  K,	
  given	
  that	
  N	
  persons	
  were	
  infected	
  on	
  day	
  0.	
  	
  
We	
  can	
  use	
  the	
  procedure	
  outlined	
  in	
  Appendix	
  A	
  to	
  calculate	
  P(K|0,N).	
  	
  
	
  
	
  


